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CIIAPTER 1 

INTRODTJCTICN 

1.1 GOALS OF TIiC CONTT&CT 

The malor mission of the National Hignway Traffic 

Safety Administration (NHTSA) is to set reasonable and cost 

effective standards with respect to vehicle safety. Struc- 
tural crashworthiness obviously plays a mayor role in this 

missio.1. Th: increasing concern with crashworthiness of 

automobiles has imposed the need for much greater under- 

standing of vehicle structures in the crash environment. 

For this purpose the ability to model vehicle impact using 

computer sirulation is attractive. The problem, however, is 
exceptronally complex and, in any general sense, beyond the 

scope of current technology. The purpose of this contract 

was to evaluate the capability of present technology and to 

assess the potential for further development. 

Accomplishment of tills purpose can be expressed in the 

following four specific goals of the contract: 

1) Determine the state-of-the-art of computer 

simulation of vehicle Impact relative to 

NHTSA needs. 

In recent years a number of investigators nave 

developed computer simulation programs to model 

the structural responses during vehicle impact. 

A variety of modeling concepts and degrees of 

sophlstlcation have been employed. These 

programs have been systematically revlewed in 

order to assess current capability. Moreover 

for the purpose of this contract It 1s 

necessary to establish the simulation require- 

ments of NHTSA and to relate the various programs 

to their specific needs. 

-l- 
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2) Review the state-of-the-art of impact testing. 

To date crash testing has played a dominant 

role in determining vehicle behavior during impact. 

Moreover it is essentially the sole method for 

establishing compliance with standards. Thus the 

capabilities of computer simulation relative to 

crash testing is an important factor in establishing 

the direction of future developments. 

3) Assess the need and feasibility of extending the 

current state-of-the-art. 

Recommendation to undertake further development 

of computer simulation requires demonstration that 

NHTSA has a clear need for advanced simulations. 

In addition, of course, such a recommendation must 

rest on a demonstration of technical and economic 

feasibility. 

4) Prepare specific requirements for advanced simula- 

tion programs. 

The final goal of the present contract is to 

provide a methodology for the development of 

advanced simulations. An integral part of this 

goal is to delineate specific areas of research 

essential to implementing the recommended methodology. 

Finally a discussion of specific goals should mention the 

actual modeling study that was carried out under the contract. 

This was originally envisaged as a modeling cycle to provide 

input for an assessment of feasibility. As the investigation 

progressed, however, it became clear that the ability to 

develop general modules for the simulation of vehicle 

components was essential to the success of advanced vehicle 

simulations. Thus the modeling cycle was expanded into the 
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actual development of a general simulation module for the 

three dimensional, large deformation of vehicle frames. 

1.2 REPORT ORGANIZATION 

The results of the investigations conducted under this 

contract are presented in four volumes. They are: 

Volume I Executrve Report 

Volume II State-of-the-Art: Computer 

Simulation of Vehicle Impact 

Volume III State-of-the-Art: Impact Testing 

Volume IV Three Dimensional Plastic Hinge 

Frame Simulation Module 

Volumes II and III are self contained discussions of the 

respective state-of-the-art reviews. Volume IV presents the 

theory, experrmental verification study, and application of 

the frame module to an actual vehicle frame crush test. It 

also includes a user's guide and a complete listing of the 

current version of the simulation program. 

In thus volume, the Executive Report, the results and 

conclusions of the entire study are summarized relative to 

the goals of the contract. In the remaining sections of this 

chapter the simulation needs of NHTSA are summarized and a 

simulation spectrum is defined of sufficient breadth to cover 

the needs. This provides the necessary framework for stating 

the conclusions and recommendations of the study which are 

given in Chapter 2. A summary of current simulatron 

capability 1s given in Chapter 3 which provides the background 

for the assessment of feasibility of developing advanced 

simulations which is drscussed in Chapter 4. Finally Chapter 
5 discusses the methodology for the development of advanced 

simulations. 
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1.3 SUMMARY OF NHTSA SIMULATION NEEDS 

In carrying out its malor mlsslon, a number of functions 
are important to the planning and development of NHTSA's crash- 

worthiness effort. Computer simulation of vehicle impact 

provides a necessary research tool in support of these 

functions. A number of uses of computer simulation can be 

identified and correlated with specific functions. Such a 

study is summarized in Table 1. 

It 1s clear that the required level of sophistication 

varies widely for the various simulation uses identified in 

Table 1. For example, the model used for a parameter study to 

ascertain the effect of mass-stiffness ratio on vehicle compat- 

lbillty need not have the capability of a simulation program 

for verlflcation of compliance with standards. Thus an 

attempt to develop a single simulation program for all NHTSA 

functions 1s not only economically unwise but also could 

inhibit focusing on specific issues. 

1.4 DEFINITION OF SIMULATION SPECTRUM 

It is evident from above that the slmulatlon needs of 

NHTSA require a range of simulation capabllity. The required 

sophistication of the various simulation applications 1s 

discussed in detail in Volume II. This study led to the 

definition of a simulation spectrum defined by five levels of 

increasing sophistication. They are: 

Level 1 Simulation: 

Level 1 simulations are models with up to five or six 

degrees of freedom, the variables representing displacements 

and possibly rotations of lumped masses. Typically the model 

involves 2-3 lumped masses and a few (less than ten) general- 

ized resistances. Detailed geometry and material behavior 

is not modeled. Geometry and the generalized resistances 
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are defined by a small set of parameters. There 1s no attempt 

to relate the resistances to specific vehicle components, but 

rather they represent overall vehicle characterrstlcs. The 

llmlted varrables restrict results to overall gross drsplace- 

ments and average rigid body accelerations. The modelrng 1s 

restricted to a speclflc loading sltuatron. LtJel 1 slmula- 

tlon 1s designed for qualitative studies. 

Level 2 Simulation: 

Level 2 simulations are models with up to twenty degrees 

of freedom, the variables again representing dlsplaccments 

and rotations of lumped masses. The number of masses and 

generalized resistances may be greater than Level 1 slmula- 

tion, but geometry and resistances are still defined by 

relatively few parameters. At this level, however, the gener- 

alized resistances represent specrflc vehicle components. 

The greater number of variables permit obtaining relative 

displacements between components. Generalized resistances 

are now related directly to force deforaatron characterrstlcs 

of components, but the limited parameters permit modeling 

only the gross features. The modeling 1s restricted to a 

speclflc loading situation. Level 2 simulation is again 

qualitative but for a wider range of variables including 

the effect of specific components. 

Level 3 Simulation: 

Level 3 simulations also includes models with up to 

twenty degrees of freedom. The essential difference 1s the 

increase in sophrstlcatlon In modeling component behavior. 

The force deformation behavior of the generalized resistances 

are obtained erther from experimental tests or detailed 

static modeling of specific components. At this level the 

component tests or modeling will be for speclflc load 

condltrons which restricts the slmulatlon to similar loading 
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sltuatlons. Level 3 simulations give quantltatlve results 

which correlate with experlmental data for relative dls- 

placements and average rrgld body acceleratrons of the 

lumped masses. Generality of the results 1s restricted by 

the llmrted model varrables. 

Level 4 Slmulatlon: 

Level 4 slmulatlons wrll have on the order of two to 

three hundred degrees of freedom. This level permits the 

dynamic modeling of malor components lncludlng lncrtla and 

strain rate effects under reasonably general loading con- 

dltrons. Other vehicle components wrll be modeled with 

less sophlstlcatlon. The number of variables employed 

should permit sufflcrent detail to obtain dlsplacenent and 

acceleration time hrstorles of a number of slgnlflcant 

points In the vehicle lncludlng the occupant compartment 

for three dlmenslonal motions. Level 4 simulations give 

accurate quantltatlve results for displacement and acceler- 

ation hlstorles for the model variables employed. 

Level 5 Slmulatlon: 

Level 5 slmulatlon 1s a modeling of the vehrcle 

structure In sufflclent detail to give polntwlse results 

for the displacement and acceleration hlstorles throughout 

the vehicle. Probably in excess of one thousand degrees 

of freedom ~111 be required. Modeling 1s based on material 

stress-strain behavior and detalled geometry of components. 

The modeling Includes Joint eccentricltles, Joint efficiency 

and local deformation effects. This level of simulation 

will give the displacement and acceleration environment of 

the occupant compartment in complete detail with accuracy 

of all variables wlthln the confidence level of the input 

data. 

Thus the slmulatlon spectrum spans the range from 

sample qualrtatrve models to general slmulatlons capable of 
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predlctlng polntwlse response. This spectrum 1s summarized 

in Table 2. Also lndlcated in the table are appllcatlons 

appropriate for the different levels. The lntroductlon of 

this spectrum provides a measure for evaluating current 

modeling efforts and required future developments. 





CHAPTER 2 

SUMMARY OF CONCLUSIONS 

2. 1 INTRODUCTION 

The maJor conclusions and recommendations resulting from trls 

study are summarized in the following sections. They are grouped in 

four main categories. In Section 2.2 the conclusions concerning the 

state-of-the-art of computer simulation are stated. A s ummary of the 

study leading to these conclusions is contained in Chapter 3 and full 

details are presented in Volume II of this report. The conclusions of 

the state-of-the-art study on impact testing are given in Section 2. 3. 

The full study is reported in Volume III. Conclusions and recommenda- 

tions concerning the development of advanced simulations are stated in 

Section 2.4. These results are based on the discussion contained in 

Chapters 4 and 5 of this report. Finally research needs required to 

support advanced simulations are listed in Section 2.5. 

2.2 STATE-OF-THE-ART OF COMPUTER SIMULATION 

Our conclusions concerning the state-of -the -art of computer 

simulation are : 

1) Level 1 and Level 2 slmulatlon needs of NHTSA are adequately 

met by available simulation programs. In particular, the BCL 

program is well designed to meet Level 2 simulation needs. 

2) Within the restriction of collinear impact, Level 3 simulation 

may be obtained with hybrid models, 1. e. models requlrmg 

experimental crush data for components as input data. 

Although only limited application of the BCL model have been 

reported in this mode, it appears to serve as an adequate 

Level 3 simulation. Considerable care must be exercised in 

obtammg crush data in the appropriate dynamic deformation 

mode. 

-lo- 
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3) No currently available simulation based on a frame model 

has been qualified as a vehicle simulation. Moreover, it is 

unlikely that advanced simulations can be developed based 

solely on the frame concept. Nevertheless, both the frame 

program developed by Shieh based on the plastic hinge concept 

and finite element frame programs currently available have 

potential as “modules” for advanced simulations. 

4) Although hybrid models adequately serve as Level 3 simula- 

tions, their potential for advanced simulations is small. 

2. 3 STATE-OF-THE-ART OF IMPACT TESTING 

Conclusions reached based on the evaluation of the state-of-the-art 

of crashworthiness testing can be summarized as follows: 

. 

1) 

2) 

3) 

Techniques for retrieving structural crash response data 

from tests span the range of electromechanical motion, 

velocity, acceleration, and force transducers as well as 

optical recording techniques. In general a given technique 

is reliable. Comparison of data from different techniques 

is complicated, however, by differences in post-processing 

filters and by potentially unknown filtering inherent in the 

method. 

Control of state variables such as impact velocity is highly 

important. High quality control is generally achieved in impact 

sleds and dynamic testing machines. Control has been a maJor 

problem in full scale crash tests, but current progress in the 

use of velocity gates and feedback control promises to minimize 

this problem. 

The confidence level of a physical simulation technique as a 

realistic indicator of the crash event can only be estimated 

roughly at best. Two of the reasons for this are the variety 

of real world accident situations and the lack of criteria for 

comparison of data gathered in different tests. 



-12- 

4) Crashworthiness testing is expensive, usually costing a 

minimum of $1000 for simple substructural component tests. 

Minimum costs for full scale test usually exceed $4, 000 and 

typically may range up to $10, 000. 

Recommendations on the relatlonshlp of physical testing to 

mathematical crashworthiness modelmg are summ arrzed as follows: 

1) 

2) 

3) 

4) 

5) 

Gurdellnes for verrflcatlon experiments should be developed 

which defme a realistic band of expected agreement between 

experimental results and model predictlons based on the 

accuracy of model Input data as well as filter propertles of 

the systems producing both the experimental and the computer- 

generated data. 

Crashworthmess model computer programs should mclude 

user-oriented preprocessor subprograms for aiding in the 

preparation of input data and post-processor sub-programs 

to present output In a form compatible with experlmental data. 

Techniques should be developed for estlmatmg the overall 

properties (transfer function) of a system of filters in series 

to aid m quantlfylng the verlfabllity of a model before the fact 

and the level of agreement between model predlctlons and 

experimental results after the fact. 

Research should be conducted to upgrade optical techmques 

for three -dimensional position measurement and the as soclated 

computer data-processmg software. 

Research should be initrated to develop new techniques of force 

measurement within structures. 

In conductmg this study the importance of filtering both experimental 

and computer-generated data became apparent and resulted in four additional 

recommendations. 

1) Develop a catalog of specifications for analytical procedures 

such as integrating and differentiation as well as for all types 

of electronic and transducer hardware used m crashworthiness tests. 
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2) Because filters are in series in an analysis or an experiment, 

a filter system specification should be developed which includes 

the effects of all filters in the analysis or the experiment. 

The functions of a specification of this type would be to: a. assign 

filtermg limits to analytical and experimental procedures; and, 

b. ease the task of determining the possible level of agreement 

which should be expected between an experiment and a mathematical 

prediction. 

3) Existing filter specifications such as SAE J211a should be updated 

and expanded to include the effects of phase shift and distortion. 

4) Analytical techniques should be developed for waveform compari- 

son in order to numerically define the degree of distortion, 

phase shift, and amplitude change. These procedures could be 

used in developing specifications of the accuracy which must be 

demonstrated by an analytical model in predicting a physical 

event. 

2.4 DEVELOPMENT OF ADVANCED SIMULATIONS 

Our conclusions concerning the need and feasibility of developing 

advanced simulations (Level 4 and Level 5) are: 

1) Level 4 and Level 5 simulations would be of value to NHTSA 

m support of two maJor functions, prediction of the level of 

occupant protection and the design and implementation of 

compliance procedures. 

2) The development of advanced simulations appear to be 

technically feasible. This conclusion is primarily based 

on three factors: 

4 The potential of currently available frame programs 

for future development. 

b) Our modeling study reported in Volume IV. 

c) Preliminary indications from our modeling study that 

the critical area of Joint behavior can be solved in a 

manner appropriate for advanced simulations. 
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3) The followmg conclusions were reached on the basrs of a trade- 

off study between computer simulation and crash testrng: 

4 Advanced simulations cannot ellmmate crash teskng 

which IS required to establish base lines with a high 

confidence level. 

b) Qualified advanced slmulatlons could reduce the requrred 

number of full scale tests slgnlflcantly. 

cl Flexibility of slmulatlons makes them attractive alternatives 

to crash testing from most viewpoints. They are particularly 

useful for extrapolation and mterpretatron of results. 

d) The potential reduction m the level of crash testing has 

substantial economic benefits. 

On the basis of these conclusions we recommend that NHTSA support 

the development of advanced simulations. The most promising approach 

1s a modular development that would provide a general program with the 

flexlblllty to optlmlze the model for a particular slmulatlon. The basic 

modular concept and prellmmary methodology 1s discussed m Chapter 5. 

Our estimates for the cost and time for development of fully quallfled 

advanced slmulatlons are : 

1) Level 4 slmulatlon can be developed m two years at a cost of 

$400, ooo-$500,000. 

2) Level 5 simulation can be developed m four -five years at a 

cost on the order of a mllllon dollars. 

It should be noted that potential economic benefits cited above were based 

on these development costs. 

We recommend that Level 4 simulation be given prlorlty m develop- 

ment for two reasons. First, some economic gain would be realized 

within two years, and second, many of the Level 4 modules ~111 also be 

required for Level 5 simulations. 

2.5 RESEARCH NEEDS 

In addition to the development of modeling concepts for component 

modules , our study has indicated that a number of basic problems require 



- - 

-15 - 

lnvestlgation m direct support of the development of advanced simulations. 

These research needs are discussed In some detail m Section 5.4 of 

Chapter 5. Here we list the areas In order of decreasing priority. They 

are : 

1) 

2) 

3) 

Joint behavior m the large plastic deformation range. 

Simplified but accurate models of local deformation. 

Load-transmlssron characteristics of two dlmenslonal 

structures. 

4) Stram-rate sensitivity. 

5) Numerical error control. 



Chapter 3 

REVIEW OF THE STATE-OF-THE-ART OF COMPUTER SIYULATION 

3.1 INTRODUCTION 

In recent years a number of lnvestlgators nave devel- 

oped computer slmulatlon programs to speclflcally model the 

structural response during vehicle impact. A variety of 

modeling concepts have been employed to treat the large 

plastic deformations that are the essential feature of the 

vehicle impact problem. These programs are reviewed in 

detail in Volume II. By relating their capabllltles to the 

simulation spectrum, the current state-of-the-art is 

established. 

Since this study forms the basis for the assessnent 

of the feasibility of extending the state-of-the-art, it is 

briefly reviewed in this chapterl. The study also deline- 

ates the malor difficulties that must be resolved in the 

development of advanced simulations. In the next section 

the various programs are individually discussed. This is 

followed in the flnal section by a summary and assessment 

of the current state-of-the-art. 

3.2 CURRENT MODELING CONCEPTS 

3.2.1 Slmpllfled Spring-'lass Yodels 

In general we define simplified models as those having 

two-three lumped masses and less than ten degrees of freedom. 

The masses are connected by generalized resistances which 

represent gross structural properties and are not specific- 

ally identified with particular vehicle components. There 

is a variety of such models in the published literature. 

Typical examples are given in references [2] [31 [4] which 

1 This review 1s primarily a revised version of the survey 
paper [Il. 

-16- 
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serve as a basis of discussion here. The three models range 

from a single mass and spring to a three mass model wrth 

eight generalrzed resistances. 

. 

All three authors clarm reasonable agreement between 

calculated results using the model and experimental results. 

It 1s noted, however, that agreement of displacement varrables 

1s considerably better than decelerations. Although peak 

deceleration may be quite close in the examples cited, the 

deceleration trme curve 1s matched only in its gross features. 

This 1s more a function of Judicious choice of parameters 

than a measure of model confidence. There 1s a high degree of 

arbitrariness In the definition of the generalrzed resistances 

employed in the model. All the authors employ precewlse 

linear force - deformation curves representing a plastic 

yielding structure. Each resistance represents a gross 

structural characteristic. For example, in reference [4] two 

of the resistances are defined as "front end upper member" 

and "front end lower member." The determination of the 

parameters characterizing the resistance is even more vague, 

as illustrated by a typical quote from reference [31, "The 

load - deformation characteristics of each nonlinear spring 

were determined by both presumptive calculations and 

experiments." 

. 

Thus, we conclude that agreement between model predlc- 

tlons and experiment represent a high degree of intuitive 

judgment by the investigator with a strong element of 

empirical curve fitting. This, of course, is not without 

merit. It demonstrates that simple models can describe quall- 

tatively those features of vehicle impact which are compatible 

with the llmrted variables of the model. On the other hand 

a high level of confidence cannot be ascribed to quantitative 

results except for the experimental conditions (and possibly 

even more signlflcant, the exact experimental procedure) to 
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which the model was "tuned." Thus slmpllfled models are not 

useful as a predlctlve tool In a quantltatlve sense, but 

rather as a qualltatlve measure of general behavior. 

With these llmltatlons It is futile to pursue the 

question of the "best" model. Rather model selection should 

be based on choosing variables appropriate for the particular 

study. Vehicle parameters must be "tuned" by the investi- 

gator for the speclflc application based on experience and 

experiment. Wltn this any number of slmpllfled models ~111 

serve as Level 1 simulations. Typical examples of appropriate 

uses of such models for parameter and sensitivity studies may 

be found In the reports by Carter [5] and Spencer [61. 

3.2.2 BCL Simulation Program 

Battelle Columbus Laboratories (BCL) has developed a 

computer simulation program for collnear car/car and car/ 

barrier collisions 171. This program 1s based on a mathe- 

matlcal model wit:1 4 masses and up to 35 lndlvldual nonlinear 

resistances. The masses are restricted to unldlrectlonal 

motion. 

Since the focus of BCL's study was to develop a flex- 

ible computer program, each mass or nonlinear resistance of 

the mathcmatlcal model does not represent any speclflc part 

or member of the vehicle. The determination of the candidate 

mass and resistance assignments are left to the user. He can 

leave tnese as blank, i.e. slmpllfy the model, but cannot 

change the basic conflguratlon. For a proper choice of 

masses and resistance, however, BCL's program can be applied 

to front, side and rear colinear Impact. 

In the program the characterlstlcs of the resistance 

members can be classlfled into six different types, each 

being represented by a program subroutine. They are: 

1. A model of elastic-plastic "spring" capable of 
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2. 

3. 

4. 

5. 

6. 

transmitting compression force only. 

A model of a fixed-stroke variable-orifice 

hydraulic cylinder. 

A model of an elastic-plastic "spring" which has 

both tension and compression capability. 

A generalized model for elastic-plastic springs 

with tension and/or compression capability which 

may be described by a set of force versus deflection 

points and a representative unloadrng spring rate. 

A model of variable-stroke, variable-orifice 

hydraulic cylinder. 

A model of damping element which produce force 

proportional to velocity. 

These various options for generalized resistances permit 

the representation of a wide variety of hypothetical force 

deformation relations. Thus with relatively simple input a 

broad range of component behavior can be modeled. With this 

capability the program meets all the requirements of a Level 2 

simulation sublect only to the restriction of a colinear 

impact. 

Although to date only llmltcd use of the BCL program as 

a predictive tool has been reported [81, it undoubtedly has 

the potential for Level 3 simulation. In this context, however, 

it is in the same category as the "hybrid" models discussed in 

the next sub-section. The basic difficulty 1s that there is 

no systematic way to determine the parameters of the hypothet- 

ical generalized resistances from the geometric and material 

properties of actual physical components. In principle they 

can be obtained from fitting the varlolzs options to experzmental 

crush data. In fact, using option 4, experimentally determined 

curves can be used directly. In either case its use as a 
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predlctlve tool requires experimental crush data for each 

component. The llmltatlons of such "hybrid" models are 

discussed below. 

FInally it should be noted that the BCL program has an 

option to incorporate a dynamic correction factor to 

component force-deformation data. It has the form 

F dynamic = 'v ' Fstatic 

where 

cv = A-tB loglo Vo 

in which V 1s the impact velocity. A and B are chosen to 

give Cv = y.3 at an inpact velocity of 30 MPH. Such an 

overall magnlflcatlon factor must be considered empiric:1 

and should be used with caution. This point is discussed 

ln more detail In the next section. 

3.2.3 Hybrid Simulation2 

At the present time, hybrid simulation based on the work 

ot Kamal [9] has been the most successful approach to predlc- 

tlve capability for vehicle impact. Its use has wide accept- 

ance wlthln the automotive industry. To our knowledge there 

are two operatlng programs in use, the Kamal program at 

General Motors and the CSS program employed by Autosafety 

Engineering Corporation [lo]. Both are considered proprietary 

in detail, but their general features and application to 

speclflc problems are available. 

T'7e present programs are basically three lumped masses 

with elgilt resistances. The resistances are ldentlfled with 

specific vehicle components or subassemblies. The force 

deformation curve for each resistance 1s determlned experl- 

mentally from static crush tests and supplled to the program 

in dlgltlzed tabular form. Dynamic resistances are accounted 

2 We use the term "hybrid" to denote slmulatlons requlrlnq experl- 
mental crush data for components as program Input. 
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for by an empirical "strain rate factor." The programs are 

limited to colinear front or rear Impact. 

The demonstrated results for frontal impact are good. 

Accurate values for the relative deformation of components 

and overall vehicle crush are obtained. The energy dissipated 

In each component is also obtained and the total energy 

accounted for within a few percent. The computed rigid body 

accelerations are less satisfactory but sufficient to make 

engineering Judgment on design. Typically experimental 

results for accelerations snow high frequency oscillations 

about an average value. The high frequency peaks are not 

obtained in simulation, but the average value is predicted 

with engineering accuracy. 

In evaluating the present programs there are two malor 

problems that limit their general use. The first is the 

dynamic correction factor. Although there is considerable 

information on dvnamic stress-strain curves for common 

metalic materials, equivalent information for structural 

force deformation curves is not known. The basic difficulty 

1s that the strain rate may vary spatially over the structure 

with local strain rates differing by order of magnitude from 

the average rate. Thus, at the present time the dynamic 

factor is set empirically. This requires considerable 

Judgment and experience. There is evidence that different 

factors may be required for different structural configurations. 

The second problem 1s the care that must be exercised in 

conducting the static crush tests. Correct simulation 

depends upon the static deformation mode coinciding with the 

dynamic mode. The crush test must be carried out to Insure 

this similarity. This may require special constraints and/or 
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loading procedures. Again considerable Judgment and experl- 

ence must be exercised in the design of-the tests. These 

problems in general reduce the confidence level of the slmu- 

latlon In the absence of experimental confirmation for a 

particular run. This is due to the difficulty of ObJectively 

measuring the Judgment factors involved and reliance must be 

placed on sub]ective evaluation of the experience of the 

investigator. 

There are also some difficult problems in generalizing 

the present slmulatlons to other crash environments. Even 

a relatively simple situation as an unsymmetric pole test 

presents mayor dlfflculties. The crucial problem is to define 

the experimental lnformatlon required which is consistent for 

a given model. When the only degrees of freedom are unl- 

dlrectlonal translational displacements, the required force- 

deformation curve 1s relatively easy to define. When other 

displacement and rotational degrees of freedom are Introduced, 

which 1s necessary for any type of unsymmetric loading, the 

problem 1s much more difficult. For the large plastic 

deformations of interest, the force and moments transmitted to 

the lumped mass will depend upon all the degree of freedom 

variables. How to define a series of tests to experimentally 

determine this function of several variables is not obvious. 

Further the correlation between analytically defined degrees 

of freedom and physical measurements is difficult in the three 

dlmenslonal sltuatlon. Finally lnsurlng the appropriate defor- 

mation mode presents additional difficulties. 

We conclude that currently used hybrid models provide 

Level 3 simulation capability wlthln the restriction of 

colinear impact. Their use, however, requires experience and 

Judgment in obtalnlng appropriate experimental crush data. 

Finally the potential for generalizing hybrid models to higher 

level simulations 1s small. 
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3.2.4 Frame Models 

Recently a number of investigators have independently 

developed more general programs directed towards Level 4 and 

Level 5 simulations. Although a variety of structural tech- 

nlques have been employed, they all model the vehicle as an 

assembldge of frame members interconnected at discrete nodes. 

The frame members are taken as straight beams with uniform 

cross section between nodes. Inertial modeling consists of 

lumped point or rigid body masses at the nodes. With one 

exception the simulations are three dimensional and allow for 

general loading conditions. In the following paragraphs we 

briefly review these programs. 

The first approach is the dynamic elastic-plastic 

response of planar frames presented by Shieh [ll]. The basic 

simplifying assumption is the structural concept of a plastic 

hinge. The analysis permits large changes in structural 

geometry, but assumes that plastic deformation occurs only at 

the nodes. The deformation between nodes is taken as elastic 

and hence 1s assumed small. The location of all potential 

plastic hinges must be specified a priori. The method of 

assigning lumped masses at the nodes 1s left to the Judgment 

of the user. 

A number of approximations and assumptions are inherent 

in introducing the concept of a plastic hinge. In addition to 

assuming the extent of the plastic zone is small, it also 

neglects any elastic-plastic bending at the cross section. 

Thus the cross section is considered either fully elastic or 

fully plastic as determined by the yield condition. In the 

present study the effect of axial force on the yield condition 

is neglected. Thus a hinge is introduced whenever the bending 

moment at the node reaches a critical specified value. The 

moment is then specified to be constant until the rate of 



plastic work becomes r _ t 

again considered to be elz 

The simulation 1s red Y a;,bi , II 

these assumptions. Correlatlor x it') e> c 

demonstrated for SpeciallzeG i ale c UL iu - Let 

to overall deformation and a~erine ac c 'c f r 1cJ 

correlation has not been demonstra,cd. 

The results obtained, howetier, have deFton< LLil~~( : e 

usefulness of the plastic hlrc_- formklntlnn fo z c t-Ill- 

ness studies. The current restriction to plane- -71 ',- of 

course, limits its use as an overall ~7eL~clt blrnL.Ld LLKl. 

Even for symmetric loadings, biaxial bending and or51on will 

be induced in typical automotive frame structutL il. It should 

also be noted that the assumptions inherent ln I.. . tiept 

are too restrictive for predicting the detalled resl;onse 

associated with Level 5 simulation. This follows from the 

fact that realistic relationships between the st- iJ- 

resultants and the deformation cannot be established wlthout 

detailed consideration of the stress dlstrlbutlon on the 

cross section. As established in Chapkr 5, ptf-\ -1" r , there 

is a need for a cost-effective Level 4 slmulatlcn. The Shieh 

program has considerable potential for this purpose. 

Recently a different approach has been employed by 

Wittlin and Gamon [12] in their simulation program "KRASH." 

This program was developed for arrcraft type structures. In 

principle, however, it is applicable to vehicle impact. In 

concept it is a three-dimensional extension of the BCL model 

consisting of masses connected by straight line one-dimensional 

" beam" elements. Each mass now has six degrees of freedom, 

three translational and three rotational. The model equations 

are obtained by writing the equations of motion for each mass by 
summing the forces and moments acting on the mass from the 
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generalized beam resistances. The program includes occupant 

masses that may be coupled to the structure. 

In treating the generalized resistances, however, the 

program is essentially a frame model. Each "beam" element 

transfers a general force (three components) and general 

moment (three components). Thus the structure is replaced 

by an equivalent three-dimensional frame. The large deforma- 

tion is treated by piecewise linearization. In each time 

step the forces and moments are determined from a linear 

stiffness matrix (the elastic stiffness matrix) which is 

adlusted for plasticity by multiplying by a stiffness 

reduction factor. The stiffness reduction factor is experi- 

mentally determined from overall force (moment) - displacement 

(rotation) curves obtained from static crush data. In this 

respect it is a generalization of the "KBmal" model. 

Although the KRASH program appears to have potential as 

a general three-dimensional Level 3 simulation, there are 

serious questions about the feasibility of the procedure. 

The stiffness reduction factor concept employed in the program 

is theoretically incorrect in three-dimensional problems. 

The procedure employed implies that each element of the plastic 

stiffness matrix depends upon the current value of only a 

single deformation variable, whereas in general they depend 

upon the entire deformation history. Thus it is impossible to 

define a unique "load-stroke" curve for the experimental 

determination of the reduction factor as postulated by the 

KKASH formulation. 

We conclude that experimentally determined stiffness 

reduction factors are meaningful only if the component test 

closely duplicates the dynamic deformation experienced in the 

actual vehicle impact. It is questionable whether this is 

experimentally feasible for general three-dimensional response 



-26- 

except possibly under very special loading condltlons. In 

addition the experimental dlfflcultles discussed above In 

connection with extending the Kamal model are relevant here. 

Thus it is likely that KRASH can be used 1s a Level 3 

simulation only under restricted circumstances. It may prove 
useful as a three-dimensional Level 2 s%mulatlon where 

hypothetical reduction factors can be chosen based on experl- 

ence and judgment for a particular qualitative study. 

A more general finite element frame model has been devel- 

oped by Young [13] in the simulation program CRASH. mhe 
program is three-dimensional and considers both gcometrlc and 

material nonlinearities. Material behavior 1s llmlted to 

plasticity theory. The basic beam element has unlforn proper- 

ties, but nodes may be specified arbitrarily. No prror 

assumption on location of plastic zones is required. Inertial 

modeling is accomplished by lumped masses at the nodes, the 

assignment of masses being left to the Judgment of the user. 

Moments and forces at the nodes are computed by numerical 

integration of the stress distribution over the cross section. 

Thus the actual stress-strain behavior of the material may be 

used directly at the expense of monitoring the stress state at 

locations across the cross section. 

The formulation of the CRASH simulation is analytically 

sound and does not rely on simplifying assumptions in its 

treatment of plasticity. Its present applicability to general 

vehicle simulation, however, is questionable. The CRASH 

program has been used by Melosh [141 to model the vehicle to 

barrier impact of a Mustang. The simulation was not success- 

ful. The model was much too stiff. Passenger compartment 

acceleration peaks occurred earlier and were of higher duration 

than the test results. 
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It is unlikely that these results could be improved 
significantly by using more elements. The basic difficulty 
is the inadequacy of the frame concept to model the entire 
vehicle. At the present time there is no rational way to 
choose cross sectional properties so that a beam is equiva- 
lent to many actual structural components. Another source of 
modeling error is the structural Joints. In the Melosh 
simulation the Joints are treated as frame nodes which essen- 
tially neglects any effect of Joint inefficiency. Also local 
deformation of the cross section is not considered. 

The final frame program to be discussed has recently 
been developed by Thompson [15]. The program is proprietary, 
but a general description is given in the reference cited. 
Basically the program is a finite element frame program with 
nonlinear geometry and plastic deformation capability. 
Although differing in some key respects, it is similar in 
size and concept to CRASH. It is considerably more flexible 
in treating cross sectional properties and is thus more 
adaptable to vehicle modeling. (As with all frame models, of 
course, the basic modeling problem of replacing actual 
components with equivalent beams remains.) It is also more 
general in material properties including strain rate 
sensitivity. 

It also differs in another important respect. Rather 
than derive a plastic stiffness matrix which must be recom- 
puted at each time step, the program employs an elastic 
stiffness matrix and a stiffness reduction factor. Unlike 
KRASH, where the reduction factor is postulated as being 
known from experiment, the present program computes this 
factor at each time step by taking the ratio of the actual 
moment about the neutral axis to the fully elastic moment. 
This requires pointwise integration across the cross section 
and an iterative procedure for converging to the plastic 



-28 

stress-strain curve at each point. This is computationally 
a major task. Relative efficiency between this and the CRASH 
formulation is not known, but they are probably coFpLtdtlon- 
ally of the same order of magnitude. 

Although the Thompson reduction factor accounts for 
deformation history, it still may be criticized on theoretical 
grounds. The procedure is valid for symmetric bending, but in 
general is not correct. The range of loading conditions for 
which the procedure will give reasonable results is specula- 
tive. We believe, however, that reasonable results can be 
expected provided the resultant moment vector has small 
deviation from the neutral axis and torsion and axial effects 
are not significant. 

In reference [15] correlation between results of simula- 
tion and tests was demonstrated for two experiments. The 
first was a dynamically loaded beam, and the second was a 
side impact study. In both cases the program was used to 
predict the time-varying nodal forces when the experimental 
nodal displacements were used as input at each time step. 
This is quite different, of course, than predicting the 
dynamic response from initial conditions. Thus on the basis 
of published results, the Thompson model cannot be considered 
as fully validated. 

3.3 SUMMARY AND ASSESSMENT OF THE STATE-OF-THE-ART 
In the preceding section we have discussed the capabilities 

and limitations of currently available simulation models. The 
discussion is summarized in Table 3. An assessment of the 
current state-of-the-art based on this summary leads to the 
following conclusions: 

1. Level 1 and Level 2 simulation needs of NHTSA are 
adequately met by available simulation programs. 
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2. Wlthrn the restriction of collinear lrnpdct ’ 

simulation may b ( ’ rained with hybr 

Experimental crush data fur cornp~ nents In t’l 

appropriate dynamic delorniatlon rI]ode 15 r~r, 11 

3. No currently available slmulatlon based on a *I I- t 

model has been quallfled as a vehicle slmulatldn 

The most strlklng feature of the current stdiG- ji -tic - it 15 the 

success of hybrid models for quantltatlve prediction 1 hen tu ~1 tt there 

are no published reports of qualltled vehicle slmulatlbrls u51 ~q tht. more 

analytlcally sophlstlcated frame models. ? 11er L dl-t L id -ctirs 

that account for this sltuatlon. Despite their appartnt greattr modelmg detail, 

no current frame slmulatlon accounts for local deformation 01 thr cross 

section. Further Joint efflclencles3 and ecct ntr1cltlc- art. not taktn Into 

account. Both effects play a significant role In the energy dissipated by 

the structure and are inherently accounted for in experimental crush data. 

The second factor 1s that the single force deformation curke rl ulred for 

collinear Impact can be obtained experlmentally for non-frarlrt components 

like exterior sheet metal, fire wall, unltlzed forestructure, motor mounts, 

etc. In contrast there IS no rational way to choose the cross section 

properties of an equivalent beam element to use in a frame model. Thus 

the evidence strongly suggests that a purely frame model IS Inadequate for 

a complete vehicle slmulatron. In addition advanced slmulatlons cannot be 

realized wlthout including effects of local deformation and Joint behavior. 

The current computational success of hybrid models have, however, 

about reached therr maximum potential as an overall vehicle slmulatlon. 

It 1s unlikely that they can be developed beyond their present Level 3 

slmulatlon capablllty. The major technical dlfflculty IS the problem of 

obtalnlng the required experimental relatlonshlps between the generalized 

forces and generalized displacements for three dlmenslonal deformations. 

3 
The Thompson model mcorporates an emplrlcal Joint efflclency factor 

but the choice and use of this factor was not drscussed. 
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For collinear impact only a single force and displacement variable are 

involved. In the general case, however, not only must a matrix relation 

be determined, but also this relationship is not unique and depends upon the 

loading history. Thus a definitive experiment cannot be performed. This 

greatly limits the hybrid concept since three dimensional crush data must 

be obtained, which in itself is a maJor task, for every loading configuration. 

In contrast the frame simulation programs have demonstrated 

considerable potential for advancing the state-of-the-art. As discussed above 

frame models are also inadequate for overall vehicle simulatron. They can 

serve as accurate modeling techniques for major vehicle components and 

thus serve as the basis for advanced simulations. 

With respect to the potential of specific simulations, the frame 

program KRASH has maJor deficiencies. The empirical stiffness reduction 

factor makes KRASH a three dimensional version of the hybrid concept. 

The major experimental drfficulties probably precludes its use except for 

qualitative studies. The current Shieh program IS also limited due to 

its restriction to planer frames. It does, however, have merit for use as a 

module in Level 4 simulation if it 1s generalized to three dimensional deform- 

a tion. The program CRASH and the finite element program of Thompson 

both consider the detailed elastic-plastic stress distribution over the 

cross section. This computational complexity precludes their use for 

Level 4 simulation, but probably will be required in a Level 5 frame 

module. 
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4.1 INTRODUCTION 

The state-of -the -dr t stud\ II s- / 

capabllrty 1s currently a\all,ble. A hCi r _ r 

to reduce the dependence on ( .PC? 

Issue in long term development p! ins lili , ci ,- 

on the question of development of ?dvanc 1 I ~l~nlll, tl L i,’ ’ I f 

Level 5 capability. 

l,ltlon 

-1rdble 

rot rated 

There are a number of factors th It need o b CL r 1di ( 1, dtirr ssmg 

this que stlon. To recommend NHTSA support lor the df \t L,~XI~C 11 ul ad\.~nctd 

slmulatlons, we must demonstrate (1) d need r< iatlvt to NH? SA fuil[ tlons, 

(11) technical feasibility, (111) a favorable trade -oft witL ‘*( I I* ( I’ t Luds 

of meeting NHTSA needs, and (11) c conomlc ft aslbll t~ J ri c c , dct 1 y arc 

drscussed 1x-r the followmg sectrons. 

4.2 NEED FOR ADVANCED SIMULATION 

In the Famlllarlzatlon Study (contained m VUIMI c I 01 11~1 rt idtirt), 

we identified two major functions of NHTSA In whrch aclx an( I u - 1111ldt,r ns 

could be employed. These two functions are the abllrty to predict the ,evel 

of occupant protectron m general crash situations and the dcslgn and 

lmplementatlon of compliance procedures. These areas are of crucial 

importance. The formulation of complrance procedures 1s an Integral 

part of the rule making effort. Occupant protcctlon, oi course , 12 the 

basic goal of all crashworthrness efforts. 

The questron of supporting these functions wrth alternatlves to 

computer slmulatlon, primarily crash testing, 1s discussed in St ctlon 4. 4, 

Here we focus on the need for addltlonal development II these unctions are 

to be supported by computer slmulatlon. With respect to occupant protectron, 

current slmulatlon capablllty 1s lrmlted to predlctmg average acceleration 

data for the passenger compartment under limited loading condrtrons. Thus 

at the present time predictron of occupant protection must be based on 

-3L- 
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highly srmplrfied inJury criteria. 

To date this has not imposed severe restrictions since our knowledge 

of the relation between the environment experienced by the occupant and 

actual inJury has been extremely limited in a quantitative sense. This 

situation is rapidly changing. Both within NHTSA and in other governmental 

and private organizations major efforts in biomechanics are underway 

to develop occupant models which will permit relating detailed injury 

mechanisms to occupant loading. Current simulation of vehicle impact 

IS not compatible with these efforts in the sense it will not be able to 

provide the detailed occupant loading required to determine injury. Thus 

if simulation is to provide a predictive tool in crashworthiness studies 

of occupant protection, advanced simulations will be required m the 

near future. 

With respect to compliance procedures, there is no questron about 

the inadequacy of current simulation capability for this purpose. To date, 

however, there appears to be general satisfaction with the use of crash testing 

for Judging compliance with standards. But this situation can also be 

expected to change. With increasing knowledge of the biomechanical 

behavior of occupants, future standards are likely to be stated m terms 

of detailed occupant inJury. Design of compliance procedures will require 

relating structural response to injury mechanisms. Only advanced computer 

simulation can support this effort. 

4. 3 TECHNICAL FEASIBILITY 

Level 4 and Level 5 simulation capability is beyond the current state- 

of -the-art. Thus the development of advanced simulations requires more 

than the codification of present knowledge. Nevertheless substantial 

progress has been made m modeling of vehicle impact, and there is sufficient 

evidence on which to base a Judgment of technical feasibility. 

As will be discussed in detail in Chapter 5 the requirements for 

advanced simulations can best be met by the development of vehicle component 

modules that can be automatically assembled under user control for specific 

overall simulations. Within the current state-of-the-art we already have 

developed a good foundation for modeling major vehicle components. The 
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current frame simulation programs , although unsuitable for overall 

simulation, have demonstrated that finite element methods can model 

large plastic deformations of vehicle type frames to a degree suitable 

for Level 5 simulation. There remain basic questions about Joint 

behavior, but the technical applicability of the method has been 

demonstrated. On the other hand, lumped mass-generalized resistance 

models also have potential as a modeling concept for specific mechanical 

sub-assembly modules. 

It 1s clear, however, that other modeling concepts need to be 

developed. Exclusive reliance on methods employed in the finite element 

frame programs for all modules of deformable structural components will 

be highly inefficient and probably economically prohibitive. The success of 

the modular concept depends upon a variety of modeling techniques to treat 

each component with the mmimum sophistication required for a given type 

of overall simulation. Moreover it is essential that Level 4 simulation 

capability be developed, since the exclusive employment of Level 5 

simulations for all potential uses of advanced simulation represents 

“overkrll” and again would raise serious economic questions. 

The modeling study [ 161 performed under this contract has 

demonstrated the technical feasibility of developing computer codes 

whose size, accuracy, and formulation are appropiate for a general 

Level 4 simulation module. The model is based on extending the concept 

of a plastic hmge to the three dimensional deformation of frames, but 

wrth a formulation that has all the flexibility and generality of application 

usually associated with finite element programs. Some basic questions 

still remain, primarily the question of Joint behavior. Also the extension 

of this concept to two dimensional structures is an open question of 

considerable importance. Nevertheless, we feel the study has demonstrated 

the basic feasibility of Level 4 simulations. 

Another aspect of the development of advanced simulations is the 

need for adequate methods of numerical computation and hardware capability. 

The current state of numerical methods relative to vehicle simulation is 

reviewed m Volume II of this report. Algorithms for solution of large 
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system of equations and for forward numerical integration are now well 

developed. A number of applications of these methods to structural 

problems which in size are comparable to advanced vehicle simulations 

are discussed in reference [ 171. For the vehicle problem a number of 

questions remain, particularly the definition of error measures and 

their use to control forward step size. These are, however, primarily 

questions of efficiency necessary to optimize programs for production 

use and do not represent fundamental problems. We conclude that 

numerical analysis and computer capability is adequate for developing 

advanced simulations. 

Although the above discussion indicates that a substantial base 

exists for the development of advanced simulations, it has also identified 

some basic research questions. Probably the most crucial area 1s the 

question of Joint behavior in the large plastic deformation range. For 

advanced simulations to be successful, it will be necessary to accurately 

model Joint behavior without employing a three dimensional finite element 

analysis. Some preliminary progress on this problem has been made 

Nl [ 181 has shown that the local deformatron of a box beam could be 

accounted for by a correction factor to the moment - curvature relation: 

Our modeling study [ 161 a so showed the possibility of defining a functional 1 

relation analogous to the yield function which incorporates observed behavior 

In an empirical way. Thus there is some evidence that the solution of 

this problem is feasible in the near future. 

4.4 TRADE-OFF STUDY: COMPUTER SIMULATION VS. CRASH TESTING 

In the area of structural crashworthiness the question of 

computer simulation vs. crash testing IS complex for a number 

of reasons. Both are used for a variety of purposes, and their relative 

merits may differ with function. We wish to employ both methods as a 

means of ascertaining behavior in the real world environment. Thi s 

adds an additional dimension to the comparison. Finally it is Important 

to remember that the two approaches are not mutually exclusive. In 

addition to the obvious need for experimental qualification of simulation 

models, the complexity of the vehicle impact problem and the variability 
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of behavior between nominally 31rnll,r vth:c’rs preci Jr ( -( 6 t ? 

a single tool. 

Thus the purpose of the study Ls not to establL 1 -I t f 

one approach compared to the other, bu+ tc dellno dtc tl,, t C I ,I 

strengths and weaknesses in a given sltuatlon. In partlc ii ( 

computer simulation have sufficient advantages relatl\+b to cr lc,!- 

testing for the functions of importance to NHTSA to justify the develop- 

ment of advanced simulations. 

In what follows we are primarily concerned ulth tht COT parison 

between full scale vehicle crash tests and overall vehicle sm1ulatlcn. 

As discussed above, we will focus specific.olly on tuo niaj0r fiu3 tlons of 

NHTSA, the ability to predict the level of occupant proirc tlon 11 general 

crash situations and compliance verlilcatlon. At the Drtsent ‘:nle 

quantrtatlve mformation 1s available in these areas only trc,rn Lrdsh 

testing. On the other hand most of the computer simulation needs 

required by the other functions identlfled in this study drt esstntlally 

met by the Level 2 and Level 3 simulations that are currtntly abdl!able. 

Thus JUStrflCatlOn for the development of Level 4 and Le~cl 3 ,11 lulatlons 

depends upon their contribution to these two critlcdl artdb lt:atlvr to 

crash testing. The trade-off dlscusslon that follows will bt bdstd on 

consideration of minimum sophistication required, accurac y dza 

repeatablhty, accomplishment time, and operational and dr vt ltipment 

costs. 

Minimum Sophistication 

For the efficient exercise of the functions under Lonsldclr7tlon, 

rt 1s desirable to employ a method with the mmimum sophlstlcatlon 

requrred to accomplish the task. For example, to predict compliance 

for a modification in roof structure requires a different level of 

mformation than to predict forces imposed on occupants by rtstralnt 

systems in a frontal impact. Both simulation and crash testing can be 

conducted over a range of sophistication. In general, however, 

simulation models have a much broader range of flexibihty. 

This will be particularly true if the modular development 

recommended for advanced simulations is employed. In effect this 
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permits assembling a wide variety of models that can be constructed to 

focus on the specific task. Crash tests, of course, can vary widely 

in the form and amount of mstrumentatron. Nevertheless there is a 

limitation in flexibility inherent in full scale testing in that the entire 

vehicle must be employed. This determines the nature of the basic 

testing facility required independent of the specific task. 

Accuracy and Repeatability 

In one sense simulation has a clear advantage over crash testing 

with respect to repeatability of results. A given computer simulation 

will always produce the same result for a given set of input data. In 

crash testing the equivalent of input data is subject to experimental 

variability. It 1s difficult to reproduce identical conditions from test 

to test 

There are at least two other aspects of repeatability, however, 

that are less clear. The first is the generation of input data for 

simulation programs. For the large programs required for Level 5 

simulation this 1s a major effort requiring calculations of structural 

properties and determmation of material behavior. In addition Judgmental 

decisions must be made m discretlzrng the structure. These factors 

introduce a degree of variability that is at least equivalent to that 

encountered in crash testing. Recent advances in automatic computer 

generation of input data drrect from production mformation will help 

alleviate but will not eliminate this problem. 

The second factor is the conslderable variation that exists in 

nommally identical vehicles. Allowable tolerances, less than ideal 

quality contr 01, and vehicle degradation all contribute. This problem 

confronts both simulation and crash testmg. It is perhaps more 

manageable within the context of simulation where it 1s relatively each 

to vary parameters between extremes to bound the variation in computed 

results. To establish similar bounds through testing is probably 

prohibitive. 

We conclude that both simulation and crash testing require 

experience, careful error control, and engineering Judgment to insure 
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repeatable results. In addition both must consider veh clt O on 

m reachmg conclusions from a given srmulatron or test. 

The questlon of accuracy also has several ra.1 + 

consider two specific factors here. 

1. Inherent Accuracy of Method 

For computer srmulatlon there 1s always +h L ‘1 , , 1 !%( 

the numerical output IS an accurate representation of the solution to the 

questions, 1. e. to the modelmg concept. Advances in nury e ,i-li 1 tds 

and numerlcal error control mdlcate that results with 1 I‘~‘c q 1’ 4-i-v3r 

bounds are obtainable for systems of the size contemplated fcr I I vr 1 5 

simulation. 

The equivalent conslderatron for crash testing 3 +hc accuracy 

of the methods of data acqmstlon. The error bounds on physic,:1 

mstrumentatlon devices have llmltmg lower values that In general exceed 

the numerrcal error bounds. There IS also potential sources of e-ror 

In post processing of data, e.g. m flltermg techniques. It can be 

anticipated, however, that the increasing sophlstlcatlon of data acqulsltlon 

systems together with standardization of post processrng techniques will 

insure that experimental data represent the actual event with a satisfactory 

accuracy. Thus for the purpose of trade-off the level of confidence rn 

numerical accuracy and experlmental data acqulsltlon accuracy can be con- 

sidered as equivalent. 

2. Physical Accuracy 

A full scale crash test 1s a real world event. Thus assuming 

the conclusion m item 1 wrth respect to the confidence level of data 

acqulsltion, the results of a crash test represent the “solutron” for 

that specific event. With respect to srmulatlon programs, the development 

of Level 4 and Level 5 srmulatlons rmplres that the accuracy associated 

wrth their defmrtlon can be achieved. From the drscusslon above, we 

conclude that the techrncal potential exists for this development. Nevertheless 

a slmulatlon program 1s only a model of the real world. Thus the crash 

test must remam the standard by which confidence levels for slmulatlon 

are measured. 
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There IS, however, another aspect to the question of accuracy. 

Although a crash test 1s a real world event, It represents a specific 

and controlled envrronment. In the sense that we want to use crash 

data to predict performance In general environments, the crash test 

may also be viewed as a model. The confidence level of crash tests 

decreases as we extrapolate from the specific test condltlons. The 

sltuatlon 1s different for slmulatlons. Once a slmulatlon program has 

been quaIlfled over its range of appllcablllty, Its confidence level IS 

uniform with respect to changes In input over this range. Thus qualified 

slmulatlon programs which are inherently less accurate than a crash 

test for speclflc condltlons may predict behavior rn a more general 

environment not amenable to test with a higher level of confidence than 

the extrapolation of test data. 

A slmllar sltuatlon may exist with respect to specific conclusions 

to be Inferred from the slmulatlon or test. An example will serve to 

illustrate. Suppose we wish to Judge compliance with a standard on 

maximum acceleration of a occupant dummy during frontal barrier 

impact. A crash test will provide the maximum level of confidence on 

whether compliance was achieved. If, on the other hand, our purpose 

was to relate speclflc structural behavior to achievement of compliance, 

a slmulatlon result may provide a more accurate conclusion. The model 

provides results for a wide range of variables that are not amenable to 

experimental measure. Thus correlation of detalled structural behavior 

with an observed result may be quantified from slmulatlon data but remains 

speculative based on crash data only. 

We conclude that crash testing must provide the standard of 

reference m establlshmg the confidence level of computer slmulatlon. 

Once established, however, the flexlblllty of slmulatlon with respect to 

input condltlons and output variables may provide more accurate 

predlctlons for the general crash environment than extrapolations of 

crash test data. 

Accomplishment Time 

The factors determmmg accomplishment time for a crash test 

are vehicle acqulstlon and preparation, instrumentation set-up time, 
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testing and data acqursition, and data processing. The comparable items 

for simulation are input data preparation, computer run-time, and 

interpretation of output data. In terms of elapsed clock time the computer 

time is negligible, with the maJor item being preparation of input data. 

Currently accomplrshment time for a crash test 1s less than a 

srmulation program of size comparable to Level 5 srmulation. The 

preparation and checking of input data is a time consumming and tedious 

task. To a lesser extent handlmg of output data is a problem, but 

considerable progress has been made here in the automatic plotting 

and correlation of computed results. There has also been considerable 

progress in the development of software to automate the generation of 

input data for vehicle structures. Thus dramatic reductions In time 

associated with preparation of input data can be anticipated. It has been 

estimated [ 191 that data for programs of Level 5 complexrty can be prepared 

with an expenditure of a few man days. 

With respect to crash testing, mstrumentation is the major factor 

currently followed by data processing. Considerable progress has been 

made m the later category and highly automated experimental data 

processing can be expected. It is unlikely, however, that mstrumentatron 

time can be significantly reduced, and In fact is likely to increase as more 

information is required. Thus even standardized crash tests will required 

the expenditure of several days. 

We conclude that in the time frame required for the development 

of a Level 5 simulation it can be expected that accomplishment time for 

simulation programs and crash tests will be generally comparable. It 

should be noted that this comparison is based on one run versus one test. 

In a broader context simulations have a distinct advantage since once the 

input for a vehicle has been prepared, results for a variety of crash 

environments can be obtained with nominal accomplishment time, whereas 

a complete crash test would be required for each event. Thus in this 

sense simulation has a distinct advantage. 

Operational and Development Costs 

A comparison of costs of simulation versus crash testing is 
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difficult because accurate costs are hard to obtain. The cost of a crash 

test varies widely depending upon the particular vehicle, the nature 

of the test facility, and the amount of instrumentation required. A 

minimum value for a full scale test of $4,000 appears a reasonable 

estimate with values ranging up to $20, 000 possible. Specialized 

development tests may run considerably more. With increasing 

sophistication of standards it can be expected that the cost of compliance 

testing will also increase. 

Estimating costs of advanced simulations is at best speculative. 

At the present time qualified Level 4 and Level 5 simulations do not 

exist. Based on our modeling study [ 161, however, we estimate that the 

Level 4 simulation employing a modular concept can be exercised for 

$200 - $400 with present generation computers. Some estimate of 

Level 5 simulation can be obtained from examination of current finite 

element frame models of vehicle structures. It appears that a factor 

of ten over Level 4 simulation is reasonable. In addition the preparation 

of input data is a maJ or item, either by hand or by the cost of exercising 

software for automated data input. In estimating cost, however, this 

high rnltial cost of data input must be reduced due to the fact that a 

variety of simulations for vehicles with minor differences can be exercised 

without any significant costs for input. It can also be anticipated that 

the next generation of computers that will probably be available within 

the time frame of the development of Level 5 simulations will reduce 

costs by a factor of 5-10. Thus based on all these considerations we 

feel that $2,000 - $4, 000 is a reasonable estimate of the cost of a 

Level 5 simulation. 

It thus appears that computer simulation holds the promise of 

distinct economic advantage if advanced simulations can be developed. 

The present trade-off study indicates that simulation has sufficient 

merit relative to crash testing to Justify proceeding if development 

costs are reasonable. Development costs and the related economic 

implications are discussed in the next section. 
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4.5 ECONOMIC CONSIDERATIONS 

It is clear from the above dlscusslon that advanced slmulatione 

cannot eliminate crash testing. It will always be necessary to experrmentally 

establish base lmes of performance with a high confidence level. It is also 

clear that the flexlblllty of simulations makes them attractive alternatives 

to crash testing. Moreover once experimental base lmes are established, 

advanced slmulatlons could significantly reduce the required level of crash 

testing. Nevertheless to Justify a recommendation to develop advanced 

slmulatlons requires demonstration that development costs are not 

prohlbltlve. 

Our estimates of development costs are prlmarrly based on the 

modeling study conducted under this contract. We estimate that a 

qualified Level 4 slmulatlon can be developed m two years with an annual 

expenditure of two hundred to two hundred fifty thousand dollars. Develop- 

ment of a qualified Level 5 slmulatlon ~111 require a somewhat longer 

time frame with five years being a reasonable estrmate. During the 

first two years the two efforts ~111 be mutually supportive since a number 

of questions, e. g. Joint behavior, are relevant to both modeling efforts. 

Expenditures for the Level 5 effort can also be anticipated to average 

two hundred thousand per year. Thus we conclude that the spectrum 

of advanced slmulatlons can be developed for approximately l-1/2 mllllon 

dollars over a frve year time frame. 

This development cost must be projected against potential savmgs. 

At the present time annual compliance testing IS on the order to fifty 

vehicles per year. Pressure for higher confidence levels 1s likely to 

increase this to order of one hundred and fifty vehicles per year in the 

near future. (Potential developments under the Motor Vehicle and Cost 

Saving Act could increase this substantrally. ) It IS likely that an equivalent 

number of tests are conducted by industry. It IS also reasonable to assume 

that the number of full scale development tests conducted ~111 be on the 

same order of magnitude as compliance testing. Thus in the near future 

5-6 hundred full scale tests will be conducted annually. Even at an average 

of $6,000 per test this represents an annual investment of 3.0 - 3. 6 million 

dollars. 
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Is discussed above advanced slmulatlons will not and should not 

ellmmate crash testing. In our opmlon, however, the exrstence of advanced 

slmulatlon could reduce crash testing by 75%. Moreover with a high 

confidence level base line established by crash tests, we belleve that 

Level 4 slmulatlon would suffice for one-half of all tests replaced. 

Based on this premise the annual savings of employing simulation are 

shcwn InFigure 1. The solid curves are based on an average slmulatlon 

ct,zt of $1,650 (Level 4 at $300 and Level 5 at $3, 000). They show savings 

as a function of number of total tests and the cost per test. The dash 

lines show savmgs as a function of number of tests and cost per slmulatlon 

based on an average crash test cost of $6,000. The Figure shows that 

for a wide range of level of testing and associated costs, development 

costs would be recovered In a smgle year. Moreover for almost any 

reasonable estimate of these variables, development costs would be 

recovered m two years. 

These rather striking results are, of course, a function of the 

assumption on reduction m crash testing. But even if simulation (at 

an average cost of $1,650) reduced crash testing (at an average cost of 

$6,000) by 25%, development costs would be recovered m three years If 

annual testing was at the level of 400 vehicles. Thus the development 

of advanced srmulatlons has the potential for substantial economrc benefits. 
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CHAPTER 5 

RECOMMENDATIONS FOR DEVELOPMENT OF 

ADVANCED SIMULATIONS 

5.1 REQUIREMENTS FOR ADVANCED SIMULATIONS 

Advanced slmulatlons must have the capablllty of predlctlng the 

structural response of vehicles under a variety of impact loadings. 

Moreover they must be flexible, allowrng a variety of modeling concepts 

to he Integrated Into a slmulatlon appropriate for a particular loading 

sltuatlon. Thus advanced slmulatlons must meet the followmg general 

specifications: 

1) Deformation variables must allow three dimensional drsplace- 

ments and rotations valid for large deformations. 

2) Permlsslble loading conflguratlons must Include barrier, 

pole, and vehicle -to-vehicle impact In unsymmetrlc and 

oblique conflguratlons mvolvlng frontal, side, and rear 

collisions. 

3) The slmulatlon program must permit the automatic generatlon 

of the system equations for user speclfled arrangement and 

number of component modules. 

With respect to speclflc levels of slmulatlon, Level 4 slmulatlon 

should meet the followmg speclflcatlons: 

1) The code formulation should be such as to compute the 

following items : 

a) Energy absorbed by various structural components and 

total energy dissipated by the structure. 

b) Relative displacements of maJor components. 

c) Acceleration environment of passenger compartment. 

d) Intrusion of external obstacles or major components into 

passenger compartment. 

2) Computed results should have an accuracy comparable with 

testing. 

3) The total slmulatlon should employ on the order of 300 degrees 

of freedom. 

-45 - 
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L< vel 5 s (ml lat ons should meet the followrng specifications: 

1) Ih code formulation should compct? the displacement and 

act t leration time histories of all significant points in the 

v n.cle. In particular both the ciefortratlon and acceleratirn 

of thr occupant compartment sbcu!d be determined in d&all. 

2: CL yputed results should have an circuracy comoarabl? to 

t Ftlng. 

31 Th tatal simulation should employ less than 2000 degrees (’ 

freedom. 

5.2 CONCEPT OF MODULAR DEVELOPMENT 

As d?scussed in Chapter 4, it is our opinicn that the technical 

potential exists for the development of advanced sLmulations. Nev rtl rl_ s 

thus development offers a major challenge to the crashworthiness tffort 

To realize the potential economic berefl+s the size restrictions ritco in the 

previous section must be imposed. This ,mplres specislizrd mod litlg 

techniques designed for the vehicle impact problem based cn ?xpcri* n( 61 

testing. 0 1 he other hand, the requirements for advanced bxm.Ikit-oIl~ 

r :qulre sufficient generality to treat a wide variety of lo.i?s aad St-r-c’ Jr=’ 

response. 

WC recommend that the approatb to advanced simulations be b>*,eci 

on the deke’cpment of a number of seJ-contained mechanical slmulatlcn 

rludv,les reA>resenting sub-assemblies of the vehicle. Some maodu:es 

woo3ld be general purpose like a frame module or rigr-1 body module. ot”t Ib 

wculc! represent specific sub-assemblies like a drive train or suspensl;>l 

inc+ulz. ETren for advanced simulations a module whrch can be c’e:ln**d b\ 

er~nirlcal test data is likely to be required. 

For each module we define a discrete set of “external no.les” ab 

tilt points Nhere it interacts with other modules. Erforcmg c nrpatibllity 

avid dynamic equilitrium of the node3 gives the o>crall system cquatAonh. 

This IS ldxntical to assembling the global equations in a finite element 

in‘tt GC~ xvhere the simulation modules are analogous to “super elements’ . 

Thus modular development ?las a number of advartages. It permit3 

employment *f a variety of modeling techAiiques that are appropric te for 
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specific components. It also permits freedom within one program for 

assembling quote different models for particular sltuatlons, thus minimizing 

the number of degrees of freedom employed. This 1s controlled by input 

data specifying the numbermg and mitral locatlon of the external nodes 

of the appropriate modules chosen from a module library. The program 

system ~111 than generate the equations governing the overall response. 

The orgamzatlon of mput data would be slmplifred, each module having 

Its own format compatible with the modelmg technrque employed. 

In developmg the mdrvldual modules, the choice of modeling 

technique would be based on the most efflcrent method compatible wrth 

the detarl and accuracy requrred for a specific component relative to Its 

role In the okera vehicle response. Level 4 and Level 5 slmulatrons would 

be accomplished wlthrn the same framework, the only drfference being m 

the number and modeling sophlstlcatlon of the modules employed. For 

example a frame module based on the plastic hinge concept might be 

employed m Level 4 slmulatlon, whereas a finite element frame rnodule 

Ltould be reqmred for Level 5. 

To effect this modular approach will require an intensive effort 

drrected towards component defmrtlon and modeling. There are three basic 

steps that must be accomplished. They are: 

1) Identify vehicle sub-assemblies and determme appropriate 

modeling concepts for each component. 

2) Develop self-contamed srmulatlon modules for each modelmg 

concept. 

3) Develop a computer executive system for assemblrng mdrvldual 

module slmulatlons under control of input variables. 

Table 4 mdlcates a number of vehicle sub-assemblies that would need 

to be considered. A tentative ldentrflcatlon of the type of module required 

1s shown. The role of Joints rn the structural response IS sufflclently 

important to lrst them as a sub-assembly. Most Joints can be probably 

treated by a general Jomt program that mrght be mcorporated within the 

general purpose modules. On the other hand specral modules ~111 undoubledly 

be needed for such connectrons as motor mounts and steering nlechanlsms 

attachments. 
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SUB-ASSEMBLY TYPE OF MODULE 

Frame Structure 

Unitized Body Structure 

Exterior Sheet Metal 

Rigid Components 

(Motor, Transmlsslon) 

General Purpose 

General Purpose 

General Purpose 

General Purpose 

r 
Mechanical Assemblages 

Special 
(Drive Tram, Steering Mechansim) 

Forestructure 

(Bumper, Grill, Radiator) 
Special 

Suspension 

Passenger Compartment 

Joints 

Special 

Variable 

Both General and Special 

TABLE 4: VECHILE SUB-ASSEMBLIES 

It should also be noted that most sub-assemblies may be modeled 

by different modules depending upon the specific simulation. For example, 

a plastic hinge frame module or a finite element frame module rmght 

both be used to model a frame structure depending upon the level of 

simulation. Finally the passenger compartment 1s classed as a sub-assembly 

due to its paramount importance. It may actually be modeled, however, by 

a combination of other general purpose modules and specialized modules 

for specific parts of the compartment like doors or interior structure. The 

passenger compartment is a good illustration of the flexibility of the 

modular appr oath. Table 5 shows possible combinations of modules to 

define a passenger compartment module for various simulation conditions. 
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SIMULATION MODELING CONCEPT 
CONDITION 

Prlmarlly Frontal Three Dlmenslonal Rigid Body with 
Level 4 Defined Space Enveloped 

&de Impact Rigid Body Elements, Plastic Hinge 
Level 4 Frame, Equivalent Beam Door Module 

Prlmarlly Frontal Plastic Hinge Frame 
Level 5 Module 

Side Impact Fmlte Element Frame, Detalled 
Level 5 Door Module 

TABLE 5: PASSENGER COMPARTMENT MODULES 
FOR VARIOUS SIMULATION CONDITIONS 

5. 3 DEFINITION OF REQUIRED MODULES 

At the present time, modeling concepts required for all vehicle sub- 

assemblies are not well defmed. Nevertheless the basic modules required 

and potential approaches to their development can be ldentlfled. The 

required modules can be grouped in three main categories. They are: 

1) Control Modules 

a) Executive System 

b) Input - Output System 

2) General Purpose Modules 

a) Level 4 Frame 

b) Level 5 Frame 

c) Two Dlmenslonal Level 4 Structure 

d) Two Dlmenslonal Level 5 Structure 

e) Three Dlmenslonal Rigid Body 

3) Specialized Modules 

a) J olnt Module 

b) Door Module 

cl Bumper 

d) Grill-Radiator 

e) Mechanical Assemblages 

(Drive tram, steermg, suspension) 
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A number of desired features for the control modules are 

summarized in Table 6. Although the development of the control modules 

IS a maJor task, it does not require any new computer technology. For 

example, the ability to define space envelopes and to add interactions as 

the program proceeds are features of some currently available simulations. 

CONTROL MODULE DESIRED CAPABILITIES 
= 

EXECUTIVE SYSTEM 1. Assemble System Equations from 
User Specification of Modules and 
Location of Nodes Defining Module 
Interactions. 

2. Define and Monitor Space Envelopes 
Associated wxth Selected Elements. 

3. Ability to Add Nodal Interactions by 
Monitoring Intrusion of Space Envelopes 

- 

INPUT SYSTEM 1. Designed to Handle Input on Modular 
Basis. 

2. Automate Computation of Input Data 
for Nodal and Element Geometry for 
Selected Modules. 

- 

OUTPUT SYSTEM 1. Provide Flexible Output Format to Pri?t 
Out Results for User Specified 
Variables. 

2. Provide Graphical Display for User 
Specified Variables. 

- 

TABLE 6: REQUIREMENTS FOR CONTROL MODULES 

Some work will be required to develop the dynamic equilibrium and 

compatibility conditions at the nodes where modules with different modeling 

concepts interact. The general approach to this problem, however, 1s 

well doccumented in the finite element literature. 

The basic modeling concepts for the general purpose modules are 

also well advanced. A Level 4 frame module has been developed in 

its general features under this contract and is described ln Volume 4. The 

finite element frame programs discussed in Chapter 3 provide a strong 

foundation for the development of a Level 5 frame program. A three 

dimensional rigid body module can easily be programmed. Two dimensional 

structural modules are less clear. A Level 5 module IS probably techrncally 
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feasible within current finite element technology. (For a general 

dlscusslon and other references see references [ZO] [ 21 1). It may 

be necessary, however, to develop rather specialized elements for 

vehicle sheet metal. The most difficult problem IS appropriate modeling 

concepts for a two-dlmenslonal Level 4 module. Such a module will 

play a major role m Level 4 slmulatlons and IS also important for 

Lecel 5 srmulatlons where it will be needed to efficiently model less 

critical regions of the vehicle. Extensions of the plastic hmge concept 

to hinge lines or the rational definition of an equivalent beam are possible 

approaches. At the present time, however, no progress has been made 

in this direction. 

Modeling concepts for the specialized modules are not well developed. 

Some work IS available on modeling the door structure and bumper systems. 

Major efforts have been made for modeling suspension systems but not irom 

the viewpoint of vehicle Impact. Suspension models relevant to the Impact 

problem will need to be developed. For the most part, however, the 

development of such modules through mechanical simulation should be 

relatively straight forward once their role in the vehicle Impact problem 

IS identified. This work will necessarily be based on component testing. 

The major problem area IS Jomt behavior. The effect of Joints on the 

structural response is significant, but there 1s no method currently available 

for lncorporatmg these effects m the large plastic deformation range. 

The various required modules are summarized in Table 7. 

Appropriate modeling concepts are indicated. A question mark IS mdlcated 

if the potential of the modeling concept IS not well establlshed. Approximate 

size restrictions on the modules are indicated if they are to be feasible 

as components of an overall simulation. Of course, considerable 

flexlblllty 1s possible m a given module depending upon their use relative 

to other modules m the particular overall simulation. Fmally, development 

priority 1s indicated. These prlorltles are based on first developing Level 

4 srmulatlon capability. Since most of the modules required for this level 

~111 also be required m Level 5 slmulatlons, priority for Level 4 development 

1s reasonable. 
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5.4 RESEARCH NEEDS 

In addrhon to developing component modules, we can ldentlfy a 

number of basic topics that require mvestlgatlon in support of the 

modeling effort. It IS highly unlikely that advanced slmulatlons can be 

realized wlthout conslderatlon of these areas. They are in order of our 

as se ssment of priority: 

1) Joint Behavior 

A major factor In the geometric complexity of automotive 

structures 1s the complicated Joints and material attachments 

used In standard manufacturing practice. There 1s a need 

for a systematic study of Joint behavior under various load 

condltlons. At the present time there even remain basic 

questlons on how to characterize Jomt behavior. For example, 

the concept of Jomt efflclency Introduced for elastic Joints 1s 

not well defined for plastically deforming Joints. 

2) Local Deformation 

For the large deformations experienced in crashworthiness 

appllcatlons there are slgnlflcant changes m cross sectional 

shape of structural frame members. It 1s conceptually possible 

to model this behavior with three-dimensional finite elements. 

In practice, however, this 1s likely to add a prohlbltlve number 

of degrees of freedom. Moreover we are not interested m the 

details of the local deformation but only its effect on the overall 

load transmission and energy absorbing characterlstlcs of the 

structure. A rational way to incorporate these effects 1s needed. 

3) Load Transmlsslon Characterlstlcs 

For Level 4 and the minor components of Level 5 slmulatlons, 

restrictions on the total degrees of freedom prohlblr using two 

and three-dlmenslonal fmlte elements for modelmg all non-frame 

members. Thus there 1s a strong need for understanding how 

two-dlmenslonal structural elements transmit various loadings 

m order to ratlonally define an equivalent frame member. 
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4) Stram Rat+ Sznsltrvlty 

Although consldcrable mformatlon 1s known about material 

strain rate effects, the realistic mcorporatlon of such effects 

In structural theories 1s not well understood. At the present 

tm-e rrlost ,lmulatlons use an average strain rate either as an 

emplrtcal correction factor or to choose a single dynamic 

stress->train curve. -3 general, however, there are large 

+pdLlal VarlatlOnc lr , ram rate throughout the structure. 

Thr effect of such vI’ latlorLs IS rot knc,wn. 

5) Numerical Error Co .t-01 

Numerical m -t’l >dl -nlployed rn current srmulatlon programs 

are generally adeqlyrtz. There are, however, a number of 

areas of rmproveml ‘It lmportcrnt to advanced slmulatlons. 

Current methods in general rcqulre consrderable Judgment 

and numerical experiments to choose a trme step and/or 

error measure. There 1s a strong Deed for systematic study 

of the effect of lccal error bounds on accuracy and efflclency. 

Related quc stlc ns are the apFroprlate defmltlon for the error 

measure and the chclce gf error \J( lgbt functions. 
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